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ABSTRACT

The use of small-scale disturbances to control turbulence production and sound
generation in regions of high shear has long been a topic of interest. We have previously
reported the use of piezoelectrically driven, tab-type actuators to drive disturbances in the
initial shear layer of a cold jet to accomplish this task. Particle imaging velocimetry
along with phased array and far field microphones were used to interrogate the flow and
acoustic fields, respectively. The complexities of turbulent flows, along with the strong
interaction between the actuators and the fluid, make optimization of the actuator system
difficult. We are therefore developing a numerical actuator performance model to gain
insight into the actuator-flow physics. Los Alamos National Laboratory's (LANL)
CFDLib provides the framework of our fluid-structure model. CFDLib is a library of
stable and mature algorithms that can be assembled to address a wide-variety of
problems. We utilize the generalized 3-D URANS multifluid algorithms with a two-fluid
model] that allows us to describe the motion of both gas and actuators on the same
computational grid. The paper describes the modeling approach and presents initial
comparisons with recent particle imaging velocimetry measurements.

This work was carried out under auspices of the National Nuclear Administration of the U.S. Department
of Energy at Los Alamos National Laboratory under Contract No. W-7405-ENG-36.
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ABSTRACT

The use of small-scale disturbances to control turbulence production and sound generation in regions of
high shear has long been a topic of interest. We have previously reported the use of piezoelectrically
driven, tab-type actuators to drive disturbances in the initial shear layer of a cold jet to accomplish this task.
Particle imaging velocimetry along with phased array and far field microphones were used to interrogate
the flow and acoustic fields, respectively. The complexities of turbulent flows, along with the strong
interaction between the actuators and the fluid, make optimization of the actuator system difficult. We are
therefore developing a numerical actuator performance model to gain insight into the actuator-flow physics.
Los Alamos National Laboratory’s (LANL) CFDLib provides the framework of our fluid-structure model.
CFDLib is a library of stable and mature algorithms that can be assembled to address a wide-variety of
problems. We utilize the generalized 3-D URANS multifluid algorithms with a two-fluid model that
allows us to describe the motion of both gas and actuators on the same computational grid. The paper
describes the modeling approach and presents initial comparisons with recent particle imaging velocimetry
measurements.

1. INTRODUCTION :

The use of small-scale disturbances to control turbulence production and sound generation in regions of
high shear has long been a topic of interest. Many carly studies employed acoustic excitation to alter the
initial growth rates of mixing layers."® From a noise reduction perspective, the production of turbulent
kinetic energy (k) and far ficld noise are intimately connected. The goal is to carefully tailor the actuator
geometries and operating characteristics to reduce the production of turbulence energy at large-scales and
their subsequent contribution to the low frequency jet noise spectrum. This typically requires stringent
control of excitation frequencies and amplitudes to avoid large scale mixing and subsequent noise
production. Piezoelectric actuators have recently been considered for this task. They have been used to
excite the initial shear Jayer of jets to reduce their far field noise signature.”"" Although significant changes
in the near-field turbulence spectrum have been demonstrated, relatively small decreases in far-ficld sound
levels have been measured. It is clear that the relationship between flow field perturbations and the far-
field sound spectrum is not yet understood.

We have previously reported on the use of piczoelectrically driven, tab-type actuators to generate
disturbances in the initial shear layer of a cold jet.'> Particle imaging velocimetry (PIV) along with phased
array source imaging and far field microphones were used to interrogate the flow and acoustic fields. The
installed actuators are shown in the photograph of Figure 1. The conical nozzle converges at 4.5° to a
6.985 cm exit diameter (D). The actuators are fabricated from 0.0394 cm spring steel stock and mounted
the nozzle exit plane. They have an active (immersed) length of 1.32 cm, width of 1.05 c¢m, and are
inclined at 24° with respect to the flow centerline. The piezo-clectric driver material is bonded to the
external surface (see insert of Figure 1). For the work reported here, 13 actuators were driven in phase at
1450 Hz with an estimated tip-to-tip displacement of 0.2 mm.
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Figure 15. Instantancous changes in turbulent kinetic energy distribution at maximum and minimum actuator
deflection. Referenced to the stationary actuator flow ficld with U, = 3.122x10* em/scc.
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The actuators produced a small energy reduction at large turbulence length scales and a commensurate
cnergy increasc at smaller (dissipation) scales. Benefits gained in the low frequency portion of the noise
spectrum thus occurred at the expense of increases in the high frequency spectrum. With active control, the
peak overall sound pressure level (OASPL) shifted to lower emission angles and decreased in magnitude by
approximately 1dB.

The complexities of turbulent flows, along with the strong interaction between the actuators and the
fluid, make optimization of the actuator system difficult. For this reason, we have pursued the development
of a numerical performance model to complement our experimental effort. It provides a tool to both
cvaluate new actuator concepts and to shape experimental strategy. In this paper we present an overview of
the model and demonstrate the feasibility of this approach using initial comparisons with PIV data.

2. MODELING APPROACH

Los Alamos National Laboratory’s (LANL) CFDLIib provides the framework for our modeling effort.
CFDLIib is a library of algorithms that can be assembled to address a widce-varicty of problems. The time-
dependent, Reynolds-Averaged Navier-Stokes cquations are solved for this study. For the turbulence
stress, a high Reynolds number i - & model with a one-seventh power law wall stress is used. In the
absence of any mechanical excitation, this is a standard model. Mecchanical cxcitation ncar the jet exit is
accomplished by inserting a time-dependent force, whose magnitude is gauged on the expected force that a
submerged, moving actuator, would exert on the flow.

The force duc to a moving actuator changes in both time and space, because its orientation and velocity
rclative to the exhaust flow changes. This force is represented in the flow by means of a two-field model,
and corresponding solution scheme. The two-ficld method used here is actually a subsct of a multificld
method used for dynamical fluid-structure interaction studics, in which the submerged structure is, in
general, permitted to exhibit a dynamical response to the fluid loading and vice versa®>.

Let field number one be the exhaust gas, and let field two be the moving actuator. Accordingly,
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[py.4;, P, i, ,0,] are the total mass density, velocity, pressure, Reynolds stress, and volume fraction for

the gas. Let ﬁz be the velocity at any point in the moving actuator. The equation of motion for the gas is
P]’j] =-6,Yp-V-p,R, +0192]?'(172 -u)

where the force is modeled with a tensor-valued cocfficient (I? , having only positive clements) projected
onto the relative velocity vector. The deviatoric stress due to the fluid viscosity is neglected here, and a
perfect gas cquation of state furnishes the pressurc. Kashiwa ct al describe the numerical method for
solution of this and the remaining conservation cquations in Reference 14. Briefly, this numerical method
is a semi-implicit scheme designed to be free of any stability condition on the time step due to the speed of
pressure waves or the magnitude of the interaction force. Acceleration due to the Reynolds stress and
changes duc to advection are computed with an explicit time-integration; hence the method respects an
explicit stability condition based on the turbulent diffusion speed, and on the fluid speed.

The presence of the moving actuator, within the fluid computational domain, is created by a collection
of mass markers. Each marker is assigned a fraction of the total actuator volume, and has a time-dependent
(programmed) velocity corresponding to the rigid-body motion of the actuator; each marker also has a unit
normal that is associated with the instantancous actuator orientation. The position, velocity, volume, and
local normal constitute the state of cach marker, the aggregate of which is the state of the actuator. To
begin each time increment, the marker state is interpolated from marker coordinates to grid coordinates;
hence, for example, i, (X,¢) becomes the value of the actuator velocity at a given location, and time 7. In

this way, the two-ficld method uscd here emulates the Immersed Boundary Method introduced by Peskin'®.
Let the local unit normal to the actuator be 7(x,f) , which in the present case is simply a function of

time. The component of force normal to the actuator is modeled by C, ff- (4, —#;) and the component
parallcl to the actuator is C; (T -##A)- (i, -@,) . The vector sum of these components is the full force; the
corresponding tensor-valued coefficient is K = C nn+(C, YT - 7#)] in which the ratio of coefficients

C, =G, /C islikea cocfficicnt of sliding friction. For C, =0 the immersed boundary condition is frec-



slip; for C,—1andC, — o« the immersed boundary condition is no slip. Hence, by gauging the

coefficients properly, any internal boundary condition of interest can be achieved.

In this study, this boundary is represented by the markers are thought of as platelets with finite surface
area and thickness. We set the normal velocity at the actuator (marker) surface to zero. This condition
applied to each marker allows estimates of the local normal force. Then, assuming locally one-dimensional
flow, we use simple gas dynamic relationships to relate changes in velocity to changes in pressure across
the actuator, ultimately providing the normal component of force. Tangential forces are estimated
assuming fully developed turbulent flow. This boundary condition provides an estimate of the local shear

stress. The local force density Fp = APA[Ve, +T4[V é, where AP is the pressure difference across the
actuator, T is the wall shear stress, A the total platelet area in the cell volume, V, with e, and e, the

normal and tangential unit vectors, respectively. The momentum exchange coefficient K can then be
estimated at each time step using F » - Finally, by consideration of the combined internal energy plus
fluctuational energy budget, a source to gas phase fluctuational energy (k; ) appears as a result of the force
on the actuator. This is called the slip-production rate. On a unit volume basis, it is
(i1, ~ i) (6,6)K @iy -i4,) 7

Using this model, we set out to study the effect of the time-dependent actuator force on the dynamical

response of the jet turbulence. The following discussion presents the results of our initial comparisons of
simulation with experiment.

3. INITIAL MODEL COMPARISONS WITH PIV DATA

The actuators (Figure 1) are constructed by placing markers in rectangular shapes distributed about the
nozzle exit. It is important to note that the markers are placed on the computational grid, i.e., the grid does
not depend on the marker locations, and vise versa. Each actuator, represented by a set of markers,
undergoes a programmed rigid body oscillation about an axis normal to the nozzle radius. The oscillation
frequency, phase, and tip-to-tip. displacement are prescribed. Our model implicitly assumes that the
actuator motion and shape, and therefore the marker motion and spatial relationships, are not affected by
the gas phase. Figure 2 illustrates the construction of an actuator-nozzle system. The computational
domain shown in Figure 3 is a 19-block, pie-shaped sector that brackets a 3-actuator subset of the 13-
actuator assembly. A cut-away view of the computational grid shows the 3 embedded actuators. The
lateral boundaries (i.c., surfaces between the outboard actuators) are planes of symmetry and the upstream
and downstream faces of the computational volume are assumed to be at constant pressure with inflow
permitted.  Constant inflow conditions [0,,#;,7;] are specified at the nozzle entrance plane (~12.5 cm

upstream of the nozzle exit). The actuators are oriented at an immersion angle of 24° with rcspect to the
flow axis.

PIV data were taken at cross plane locations ranging from X/D = 0.125 to X/D = 6.0 as shown in
Figure 4. Overall views of the flow field were constructed by first interpolating these data to a rectangular
volume and then extracting interpolated data in various planes of interest. Profiles of normalized velocity

(UJU, ) and turbulent kinetic energy ( K / UO2 ) taken at X/D = 0.125, 0.75, 1.5, and 3.0 will be used in the

following discussion. The reference velocity, Uy, is defined here as the ideal velocity resulting from an
isentropic expansion of the plenum gas to ambient conditions. The nominal nozzle pressure ratio was 1.92
with stagnation tcmpcraturc of 285 K, yielding Uy = 3.122 x 10* cm/sec.

Our approach is first to compare the measured and prcdlctcd flows without actuators, matching the
model’s initial and boundary conditions to the PIV data.'? We then attempt to “tunc” the momentum

exchange coefficient K by choosing effective values for the platelet thickness (d) to approximate the PIV
data taken with stationary actuators. Finally, we use these boundary conditions and parameters to predict
the changes in velocity and « fields due to the moving actuators.

A. Baseline Flow Estimates

Figure 5 presents a comparison of the PIV data and simulation results for the nozzle without actuators and
0.125 < X/D< 3.0. The dashed line in each plot locates the nozzle lip. In the near field, X/D= 0.5, the
influence of the nozzle base region and the convergent nozzle can be seen in both the PIV and simulation



- plots. Near the nozzle cxit, the predicted valucs significantly under predict the shear layer growth rate and
over predict the centerline velocity. For X/D = 1.5, the influence of the base region and nozzle

convergence diminishes and the comparison gencrally improves. The corresponding plots of K/ Uozin

Figure 6 reflect these differences. Both the PIV and simulation predict a near-ficld peak in X /U 02‘ due to

the basc region of the nozzle. The simulation, however, shows a much sharper profile with a substantially
larger peak value.

An cxamination of the computational grid rcveals some possible cxplanations for these differences.
The gridded basc region height was constructed to be 0.051 cm while the actual fabricated height was
0.159 cm. This crror Icads to the calculation of higher gradients and larger than anticipated dissipation
rates in the nozzle base region. Furthermore, the cell aspect ratio immediately adjacent to the nozzle base
is greater than 10 and most likcly lowers the model’s numerical accuracy. Although its effect has not yet
been analytically verified, the trecatment of the basc region affects our ability to dircctly compare
cxperiment and simulation. In the discussion that follows, the influence of the base region grid should be
kept in mind.

B. Stationary Actuator Performance Estimates

This is the first step in “tuning” the momentum exchange model. Figure 7 provides the comparison of
velocity profiles downstrecam of a sct of stationary actuators (e.g., F = 0 Hz). X/D is measured from the tip
of the actuators for both PIV data and predictions. Profiles are extracted along the Z/D-axis in the Y/D=0
plane at various X/D locations. This means that the profiles are centered on the center actuator shown in

Figure 3. (Across the nozzie, this profile would sce a valley between actuators.) Since F 7y varies as the

inverse of the platclet thickness, smaller values of d produce greater momentum cxchange (i.e., greater
actuator authority). Note that in addition to generating drag, the actuators decrease the effective nozzle exit
arca, locally accclerating the flow.

The PIV data and simulation results arc shown with the paramcter d varying from 0.01 to 1.5.
Although the trends are similar, the P1V data indicates a more rapid shear layer growth than the predictions
at all axial stations. At X/D = 0.125, a d-value of 0.01 comes closc to matching the core velocity, but the
layer growth rate is much lower. Further downstrcam, the model consistently over predicts the centerline
velocity by ~ 10-20%. Taken by itsclf, the trend with decreasing d makes sensc:  shear layer growth rates
incrcase and centerline velocities decrease. Smaller values of d are currently being investigated.

The K/U 02 plots of Figure 8 compare the corresponding PIV and simulation profiles. The influence
of the different base region treatment is again cvident and produces trends similar to those observed in the
bascline flow. The basc region sctup appears to dominate the predicted results with K /U 02 peak valucs

about two times the PIV data at X/D = 0.125. At larger values of X/D, smaller values of d produce higher
shear layer growth rates and lower peak valucs, showing the same trend as the measurements.

C. Active Actuator Performance Estimates

Figure 9 presents the programmed displacement and velocity of the actuators used for this comparison.
The relative deflection (blue line) is the tip deflection from the static immersion angle (24°) divided by the
maximum tip-to-tip displacement. The red line shows that tip velocities (red lines) reach 50 cm/sec,
corresponding to maximum accelerations on the order of 10° cm/scc.  Mcasured and predicted actuator
performance data arc presented in Figures 10 and 11. A platelet thickness of 0.01 ¢m taken from the
stationary calculations above is used in the performance predictions. Each figure shows PIV and
simulation data for stationary (F= 0 Hz) and timec-averaged active (F=1450 Hz) cases. PIV and simulation
data arc shown by the solid and dashed lincs, respectively. The PIV velocity data of Figure 10 show that
actuation produces a slight incrcase in mixing rate and a reduction in core velocity for X/D = 0.125.
Downstream, however, the 1450 Hz PIV data indicate that shear layer growth rates decrease slightly,
indicating a relaxation of the initial growth rates. Although the base region effects discussed carlier cloud
the model results, the trend is to increase mixing in the near-field and then relax to self-similar growth
rates. Centerline velocities show little difference between the stationary and active cascs for cither set of
data, indicating that the core flow is largely unaffected. Figure 11 shows the corresponding variation

of K /U,*. The PIV data clearly show a substantial increase in the initial turbulence production ratc that



quickly relaxes with downstream distance. The model mimics this trend, showing the broadening of the
K/ U02 distribution and reduction of its peak with increasing X / D .

Finally, from this starting point, we focus on predicted performance results to demonstrate the potential
usefulness of this approach. The stationary (F =0 Hz) case will be used as a basis for comparison.
Instantancous marker positions and corresponding normalized pressure contours in the Y/D = 0 plane are
shown in Figure 12.a and 12.b. Red, blue, and black contour lines show the instantaneous pressure field at
maximum, minimum, and stationary deflection angles. The corresponding marker positions are designated
by the same color scheme. Note that the presence of the actuators alters the upstream flow field. The effect
of the actuator motion is shown by the differences in location of a given pressure level. The lines of
constant pressure resulting from the actuator motion occur everywhere downstream compared to those of
the stationary case. Relative to the actuator surface, the pressure levels at maximum deflection (8y,) and
minimum deflection (8, appear to shift with the actuator. Levels associated with 8, lead on the
upstream side (actuator moving up); the pressure levels at dpin lead on the downstream side (actuator
moving down). This is made clear in expanded view of Figure 12.b where the last three markers at each
position are shown.

Figure 13 shows instantaneous contour maps of the differences between active and stationary pressure
fields for
8max and 8. The pressure distribution changes dramatically between the two end conditions. At Oy the
downstream pressure is reduced compared to the stationary case. At &y, the amount of pressure reduction
decreases and regions of higher pressure occur in the core flow. Figure 14 illustrates the corresponding
velocity fields. At 8., regions of low pressure correspond to increased velocity. High and low velocity
regions corresponding to the actuator oscillations are evident on the centerline. By the time 8, is reached,
these disturbances are diminished in extent. Finally, Figure 15 presents the corresponding changes in
turbulent kinetic energy. At 8, relatively rapid changes occur across the initial shear layer and an
alternating pattern of plus and minus changes exists downstream. At 9, the magnitude and extent of
these changes has diminished.

4. SUMMARY

We have applied a general multifluid model developed by Los Alamos National Laboratory to describe the
state of a cold jet perturbed by tab-type piezoelectric actuators. Initial comparisons of model predictions
of axial velocity and turbulent kinetic energy with recent particle imaging velocimetry measurements have
shown promise. The general nature of the predicted changes in velocity and turbulent kinetic energy
production due to excitation were similar in to the experimental trends. The model supports the
experimental observation that the actuators produce small changes in mixing rates near the nozzle exit
plane that subsequently relax. (Far-field acoustic measurements at these conditions show a reduction in
noise level and change in spectrum.) Shortcomings of the simulation grid, particularly in the nozzle base
region, unfortunately diminished the fidelity of this comparison. Nonetheless, the feasibility and utility of
the approach has been successfully demonstrated. Predicted variations of the principal flow parameters
appear to be self-consistent with the actuator operation. We anticipate that improved gridding of the nozzle
base region along with the model calibration approach outlined here will prove successful.
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Figure 1. Integrated actuator-nozzle assembly mounted in Boeing’s Quiet Air Facility. Nozzle
diameter = 6.985 cm. There are 13 1.78 x 1.27 em actuators. Insert shows an actuator.

X (em) I s =

0.00 0.10 0.21 0.31 042 0.52 0.62 0.73 0.83 0.94 1.04 1.15 125

Figurc 2. Construction of the actuator-assembly using marker particles. There are 992 markers/actuator
and 13 actuators distributed at equal angles about the nozzle exit planc.

z

Figure 3. A 19-block finite volume grid encompassing a scctor of the jet flow field. The expanded portion
shows a cut away exposing three actuators positioned at the nozzle lip.



Figure 4.

Figure 5.
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Example of particle imaging velocimetry data taken in planes normal to the jet axis. Profile data
is extracted in the Y/D = 0 plane for comparison with predictions.
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Plots of normalized velocity (U/Uy) for baseline nozzle taken along a vertical line at the nozzle
exit. Up=3.122x10* cm/sec. X/D = 0.125, 0.75. 1.5, and 3.00. Black lines arc PIV data; red
lines are model prediction
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Figure 6. Plots of normalized turbulent kinetic energy (K/Uy’)for the baseline nozzle taken along a vertical line
from at the nozzle exit . Up=3.122x10" em/sec. X/D =0.125, 0.75, 1.5, and 3.00. Black lines are PIV
data; red lines are model predictions. The base region magnitudes strongly influence the prediction.
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Figure 7. Plots of normalized velocity (U/Uy) for stationary actuators taken along a vertical line at the nozzle exit.
Up=3.122x10" cm/sec. Marker “thickness™ d (cm) is the parameter.
X/D=0.125,0.75, 1.5, & 3.00.
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Figure 8. Plots of normalized turbulent kinetic energy (K/U,) taken along a vertical line at the nozzle exit.
Up=3.122x10" cm/sec. Marker “thickness™ d (cm) is the parameter. X/D = 0.125, 0.75, 1.5, & 3.00.
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Figure 9. Programmed variation of actuator motion showing deflection relative to the immersed position and the tip
velocity.
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Figure 10. Plots of normalized velocity (U/Uy) for active actuators taken along a vertical line at the nozzle exit.
F = 1450 Hz, Uy=3.122x10" em/sec. X/D = 0.125, 0.75, 1.5, & 3.00.
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Figure 11. Plots of normalized turbulent kinetic energy ( K/Uy?) for active actuators taken along a vertical line at the
nozzle exit. F = 1450 Hz, Ut,=3.l22x104 cm/sec. X/D=0.125, 0.75, 1.5, & 3.00.
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Figure 12. Instantancous pressure fields produced by the actuator motion. Normalized by P, = | atm. and
referenced to a stationary actuator ficld. Red, blue, and black contour lines represent the maximum,
minimum, and immersed positions. Markers representing the actuators are shown in corresponding
colors. Grey background lines outline the computational grid.

a) Flow at the nozzle exit, b) Expanded view with the last three actuator markers for cach position.
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Figure 13. Instantancous changes in pressure distribution at maximum and minimum actuator deflection.
Referenced to the stationary actuator flow field and normalized by P, = 1 atm.
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Figure 14. Instantancous changes in velocity distribution at maximum and minimum actuator deflection.
Referenced to the stationary actuator flow field and normalized by U, = 3.122x10* em/scc.



Figure 15. Instantancous changes in turbulent kinetic energy distribution at maximum and minimum actuator
deflection. Referenced to the stationary actuator flow field with U, = 3.122x10* em/sec.
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